, et al.. Construction of merged satellite total O3 and NO2 time series in the tropics for trend studies and evaluation by comparison to NDACC SAOZ measurements. Atmospheric Measurement Techniques, European Geosciences Union, 2014, 7, pp.3337-3354. <10.5194/amt-7-3337-2014>. <hal-00829176> Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ doi:10.5194/amt-7-3337-2014 Although the stations are located at the same latitude, significant differences are observed in the columns of both species, attributed to differences in tropospheric content and equivalent latitude in the lower stratosphere. These data are used to identify which satellites operating during the same period, are capturing the same features and are thus best suited for building reliable merged time series for trend studies. For ozone, the satellites series best matching SAOZ observations are EP-TOMS (1995 and OMI-TOMS (2005 -2011 , whereas for NO 2 , best results are obtained by combining GOME version GDP5 (1996GDP5 ( -2003 and SCIA-MACHY -IUP (2003 -2011 , displaying lower noise and seasonality in reference to SAOZ. Both merged data sets are fully consistent with the larger columns of the two species above South America and the seasonality of the differences between the two stations, reported by SAOZ, providing reliable time series for further trend analyses and identification of sources of interannual variability in the future analysis.
Introduction
The inter-tropical belt is a key region for stratospheric ozone and climate. Indeed, it is the source of all tropospheric short-and long-lived chemical species emitted at the surface, water vapor and sulfate aerosols that are lofted across the tropopause and further transported to higher altitude and latitude by the Brewer-Dobson circulation. The need to understand the impact on the stratospheric composition of the increased emissions of pollutants and greenhouse gases (GHGs), changes in stratospheric circulation, solar activity, quasi-biennial oscillation (QBO) and El Niño events, makes monitoring of the composition of the atmosphere in this region necessary. Hence, it is important to have both groundbased and space-borne observations of trace gases among which ozone and nitrogen dioxide (NO 2 ) columns have been measured during the last 20 years. But although total ozone and NO 2 satellite observations by Earth Probe (EP-TOMS), Global Ozone Monitoring Experiment (GOME), followed by Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) and Ozone Monitoring Instrument (OMI), have been thoroughly validated at midlatitude by comparison with ground-based measurements (e.g. Piters et al., 2006; Balis et al., 2007; Lambert et al., 1998; Celarier et al., 2008; Ionov et al., 2008; Hendrick et al., 2011) , with the exception of the last mentioned papers, the validation hardly applies to the tropics. The reason for that is the limited number of long series of ground-based ozone and NO 2 measurements available at this latitude. Because of the differences in the performances of the satellite retrieval procedures in tropical meteorological conditions such as frequent high altitude cirrus clouds and thunderstorm anvils, their data require validation, corrections and normalization between them before carrying out reliable trend analyses.
The goal of this study is the evaluation of the performance of those total ozone and NO 2 satellite measurements in the tropics, for identifying the best data available for building long series of merged satellite composite series for further trend analyses. The evaluation is performed by a comparison with the long series of ground-based NDACC (Network for Detection of Atmospheric Composition Changes) measurements of well-calibrated and maintained instruments. The data used here are those of two O 3 and NO 2 measuring SAOZ (Système d'Analyse par Observation Zénithale)/NDACC UV-visible spectrometers (Pommereau and Goutail, 1988) deployed in the southern tropics, in the continental region of Bauru (22 • S, 49 • W) in S-E Brazil in 1995, located in the cloudy South Atlantic convergence zone (SACZ) and on Reunion Island (21 • S, 55 • E) in the SW Indian Ocean, a clearer oceanic area, since 1993.
The scope of this paper is to look at the continuity of several satellite data sets in the tropics with respect to SAOZ measurements considering their respective drift and seasonal and interannual variations in order to select 'homogenized satellite data' and build long term series over the two stations. The ozone satellite data retrievals available in coincidence with the SAOZ measurements are those of the NASA EP-TOMS V8 (McPeters et al., 1998) between 1996 and 2005, the GOME-ERS2 (European Remote Sensing satellite number 2) (Burrows et al., 1999a ) ESA Data Processor version 5 (GDP5) in the 1995-2003 period, the SCIAMACHY-ENVISAT (ENVIronment SATellite) (Bovensmann et al., 1999) ESA operational off-line processor version 3 in the 2002-2012 period and the NASA OMI-TOMS (Barthia et al., 2002) and OMI-DOAS (Differential Optical Absorption Spectroscopy) products from 2004 until present. For NO 2 the data used are those of the GOME and SCIAMACHY Institute of Environmental Physics (IUP) V1 (for the first; Richter et al., 2005) and V2 (for the latter; Richter et al., 2004) retrieval and those of the GOME and SCIAMACHY ESA version GDP5 (for the first, Spurr et al., 2012) and version SGP5 (for the latter, Lichtenberg et al., 2010) , and the OMI-DOAS NASA v3 products (Boersma et al., 2002) . This paper is organized as follows: a brief description of the SAOZ and satellite instruments and data used in the analyses is given in Sect. 2. Section 3 provides an analysis of ozone seasonal and interannual variability and difference between the two stations as seen by SAOZ, to which the satellite data are compared, followed by the building of an optimum merged satellite data series. The same analysis is performed for NO 2 in Sect. 4 and the findings are summarized in Sect. 5.
Observational data
The data used in this study are the ozone and NO 2 columns from the ground-based SAOZ/NDACC instruments at the two tropical stations of Bauru and Reunion Island and collocated EP-TOMS, GOME, SCIAMACHY and OMI satellite data. Increased scatter and offsets between SAOZ and satellite are expected in case of significant column geographical gradients or large tropospheric contributions. For limiting their impact, Lambert et al. (2012) suggested to use satellite footprints overlapping the SAOZ air mass (a method called optical path matching technique) instead of direct overpass data. The advantage of applying this method for reducing the noise in the differences between data sets is well established in polar and mid-latitude regions where horizontal gradients due to dynamical barriers and vortex intrusions are frequent. However, applying such correction appears unnecessary in the tropics for three reasons (cf. Appendix A): (i) the small satellite overpass frequency which severely reduces the number of collocations, (ii) the very limited O 3 and NO 2 stratospheric total columns horizontal gradients (for example, SAOZ sunrise and sunset columns looking alternatively east and west do not show any significant mean differences), and (iii) the small contribution of surface layer pollution to the total columns outside urban areas. Biases between SAOZ and satellites in the tropics can come only from the retrieval procedure and/or from tropospheric column contributions. Satellite overpass data are thus fully convenient at this latitude. The characteristics of the data used in the following tropical studiers are briefly described in the following.
Ground-Based SAOZ UV-visible total NO 2 and O 3 columns
SAOZ is a zenith sky looking UV-Vis spectrometer developed by Pommereau and Goutail (1988) The ozone data available are those of the version 2 retrieval algorithms applying the recommendations of the NDACC UV-VIS working group described by Hendrick et al. (2011) . The largest change compared to the previous SAOZ version 1 retrieval is the use of a daily air mass factors (AMFs) calculated from the TOMS V8 ozone profile climatology (McPeters et al., 2007) for converting slant into vertical columns, instead of a yearly mean profile used in the previous version 1. The random error estimated by Hendrick et al., is 4.7 % and the total accuracy ∼ 5.9 %.
For NO 2 , a yearly mean profile is used built from HALOE (Halogen Occultation Experiment) solar occultation measurements above 20 km, complemented for the lower stratosphere and upper troposphere by SAOZ-balloon profiles measured in Bauru (details of the retrieval can be found in Ionov et al., 2008) . However, the use of a yearly mean instead of a daily profile has little impact on the total NO 2 column variations in the tropics since their seasonal change is less than 5 %. The precision of the NO 2 column is about 11 % and the total accuracy ∼ 21 % . The SAOZ instrument has been qualified by NDACC for ozone and NO 2 measurements during several international intercomparison campaigns (Vaughan et al., 1997; Vandaele et al., 2005) . One of the advantages of the SAOZ technique, particularly useful for long series of measurements and comparing those obtained at two independent stations, is the calibration provided by the absorption cross-sections (the same for the full series of data) used in the DOAS analyses and not requiring regular calibrations for correcting possible shifts like for the other ground-based UV spectrophotometers. The two other advantages of the technique for comparison with satellite observations are the absence of temperature dependence of the ozone absorption cross-sections in the visible Chappuis bands in contrast to the UV, and the constant 86-91 • SZA of observations not varying with the season as is the case in satellite observations (Hendrick et al., 2011) .
EP-TOMS
EP-TOMS, is a six-wavelength-nadir-viewing instrument on the helio-synchronous Earth Probe (EP) satellite, crossing the equator at 11:00 LT which operated between July 1996 and the end of (McPeters et al., 1998 . The data used here are those of the version 8 retrieval algorithm available on (ftp://jwocky.gsfc.nasa.gov/pub/eptoms/data/overpass/). The ozone measurements are based on a differential pair method at 317.5 and 331.2 nm for a SZA smaller than 70 • always available in the tropics (Wellemeyer et al., 2004) . The estimated accuracy is about 3 to 5 %. Since 2000, EP-TOMS experienced instrumental problems introducing a 3 % bias in total ozone (Bramstedt et al., 2003) . For the version 8, an empirical correction was applied by NASA to overcome this bias (McPeters et al., 2007) .
GOME
The GOME instrument (Global Ozone Monitoring Experiment) was launched on 21 April 1995 aboard the ESA ERS-2 satellite, into a 795 km altitude sun-synchronous orbit of 98.5 • inclination. GOME is a nadir-viewing spectrometer, which observes solar radiation reflected or scattered by the atmosphere and the land surface in the UVvisible spectral range (240-790 nm) with a spatial resolution of 320 × 40 km (Burrows et al., 1999a) . The satellite passes over the equator during the descending part of the orbit at 10:30 LT. The instrument was designed to measure trace gases in the troposphere and the stratosphere, including ozone, and was the first space instrument to measure NO 2 total columns. Global coverage is achieved in 3 days. The ozone data used here are the GOME ESA version GDP 5.0 level 2 products (ftp server: http://ftp.eoa-dp.eo.esa.int) retrieved between 325 and 335 nm with an analysis based on the GOME Direct Fitting algorithm (GODFIT algorithm) created by the Belgian Institute for Space Aeronomy (BIRA), the German Aerospace Centre (DLR) and RT Solutions Inc. (detail of the algorithm can be found in Spurr et al., 2012) . From this version, the estimated accuracy is about 3.6-4.3 % for SZA lower than 80 • and about 6.4-7.2 % for SZA between 80 and 90 • (Loyola et al., 2012) .
For NO 2 , two retrievals are used: (i) the version 1 of the Institute of Environmental Physics (IUP) of the University of Bremen GOME and (ii) the ESA GOME Data Processor GDP version 5 (same algorithm as version GDP4 (Loyola et al., 2012) ). Both are using the same cross-sections (Burrows et al., 1999b) at 221 K and the DOAS spectral analysis method between 425-450 nm. The Data Processor GDP version 5 retrieval is based on the GODFIT-DOAS (GDOAS) algorithm created by the Belgian Institute for Space Aeronomy (BIRA-IASB) (Van Roozendael et al., 2006) . The difference between the two versions comes from the different air mass factors (AMFs) used and the correction applied for the diffuser offset. Both versions provide total column based on a stratospheric AMF, not including tropospheric contributions. In the IUP product, the AMF are calculated with the radiative transfer model SCI-ATRAN ) using a US standard atmosphere profile with the troposphere set to 0 . In the ESA product, the columns are derived from AMFs calculated with the multiple scattering radiative transfer model LIDORT (linearized discrete ordinate radiative transfer) (Spurr et al., 2001 ) using a NO 2 profile climatology (Lambert and Balis, 2004) . To compensate the effect of spectral artifacts in GOME solar spectra due the varying diffuser illumination angles, the IUP retrieval applies a normalization on each slant column using a slant column measured over the clean Pacific, assuming in this area a vertical column of 2×10 15 molec cm −2 , independent of the season. The resulting columns are assumed to be a good estimation of stratospheric columns in clean areas, but they may be larger than the stratospheric column in polluted areas . The accuracy is estimated at 5-10 %. The data used here are available on http://www.doas-bremen. de/gome_no2_data_quilt.htm. On the GDP5 product, an optimal calibration is applied on the post-processed data whose details can be found in Lambert and Balis (2004) . The accuracy is estimated between 5 and 10 % in unpolluted areas. The data used here are available at the following address: http://wdc.dlr.de/data_products/TRACEGASES/.
Following the failure of the last on-board recorder in 2002, the ERS-2 spatial coverage was reduced and no data were available in the southern tropics after this date.
SCIAMACHY
The SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Chartography) instrument was launched on March 2002 on the ENVISAT platform. The satellite crosses the equator at 10:00 LT on a sunsynchronous orbit at 800 km of 98.5 • inclination. SCIA-MACHY is a spectrometer that measures solar radiation scattered by the atmosphere at limb and nadir in the spectral UVvisible range (240-790 nm) with a spectral resolution of 0.2 to 1.5 nm and a spatial resolution of 30 × 60 km 2 (Bovensmann et al., 1999) . The high spectral resolution and the use of a wide range of wavelengths allow the detection of several trace gases. Because of the alternate nadir and limb observations, its global coverage is of 6 days, a factor of 2 lower than that of GOME. The ozone data used in this study are those of the ESA operational off-line processor version 3.01 (http://wdc.dlr.de/data_products/TRACEGASES/). This product has been developed based on GOME GDP4.0 (Bracher et al., 2005) . The estimated accuracy is about 5 % for SZA lower than 60 • .
As for GOME, two NO 2 retrievals are used in this study, one from the Institute for Environmental Physics (IUP) of the University of Bremen (Richter et al., 2004 ) version 2 and the other one from the ESA off-line Processor SGP version 5.02 (Lichtenberg et al., 2010) . Both versions are using the same cross-sections (Bogumil et al., 2003) at 243 K and a DOAS spectral analysis method between 425-450 nm. The data processor version 5.02, for the trace-gas slant column retrieval, is based on the SDOAS algorithm created by BIRA-IASB. THE SDOAS algorithm is the adaptation of GDOAS to the SCIAMACHY instrument (hereafter named SDOAS to easily distinguish it from the GOME version). Both products use the same AMF as described in the section on GOME data. The only exception is that for SGP HALOE profiles are used instead of a climatology (Lambert et al., 2000) .
The estimated accuracy for the IUP version is about 5 to 10 % (Richter et al., 2004) and the data can be found at http: //www.iup.uni-bremen.de/doas/scia_no2_data_acve.htm.
The estimated accuracy of the SGP version ranges from 5 to 20 % at polar latitudes and in the Northern Hemisphere. The NO 2 columns are low biased by about 5 × 10 14 molec cm −2 at low and middle latitudes of the Southern Hemisphere. This low bias exhibits a seasonal cycle (larger in summer) and a latitudinal dependence. The NO 2 columns are affected by larger errors over polluted areas (large underestimation of total column) and in the South Atlantic Anomaly. (link: https://earth.esa.int/handbooks/availability/ disclaimers/SCI_OL__2P_README.pdf) The data can be ordered via the ESA EO Principal Investigator Portal.
OMI
The OMI (Ozone Monitoring Instrument) was launched on 15 July 2004 aboard the Earth Observation satellite Aura sunsynchronous platform at 705 km of 98.2 • inclination . OMI is a nadir-viewing UV/Visible spectrometer with a spectral resolution of about 0.63 nm for the visible channel (349-504 nm) and about 0.42 nm for the UV channel (307-383 nm). It measures the solar light scattered by the atmosphere in the 270-500 nm wavelength range with a spatial resolution at nadir of 13 km × 24 km 2 . The satellite crosses the equator during the ascending part of the orbit at 13:42 LT. In this study, two algorithms are used for total ozone. The first, called OMI-TOMS, is identical to that used for EP-TOMS V8 (Buchard et al., 2008) providing total ozone measurements with a relative uncertainty of 2 % at SZA lower than 70 • and increasing to 5 % at 85 • (Barthia et al., 2002) . The second, called OMI-DOAS, developed by KNMI (Koninklijk Nederlands Meteorologisch Instituut) is based on the DOAS method with a relative accuracy of 3 % on cloudy days and 2 % at clear sky . The data of the two versions are available from http://avdc.gsfc.nasa.gov/.
For NO 2 , the OMI data version 3 used here is that developed by NASA, using the cross-sections of Vandaele et al. (1998) at 220 K and the DOAS technique in the wavelength interval 405-465 nm (Boersma et al., 2002) . The vertical columns are calculated with a stratospheric AMF, which depends on the viewing geometry, the surface albedo and the shape of the NO 2 vertical profile. As described in Ionov et al. (2008) , for each location, the algorithm uses a single mean unpolluted profile derived from a stratospheric model and a geographically gridded set of annual mean polluted profiles provided by a tropospheric model. An initial estimate of the NO 2 vertical column is obtained by dividing the slant column by an unpolluted AMF, geographically gridded using the data acquired within ±12 h from the target or- a global stratospheric field. Where the initial vertical column exceeds the estimated stratospheric NO 2 , the presence of tropospheric NO 2 is inferred and the vertical column is recalculated using an AMF computed from an assumed tropospheric NO 2 profile (Bucsela et al., 2006) . The estimated accuracy of the NO 2 vertical column in clear sky and unpolluted conditions is 5 % (0.2 × 10 15 molecules cm −2 ) and 20 % (0.8 × 10 15 molecules cm −2 ) in polluted cases. In the presence of pollution and clouds, the error can reach 50 % Boersma et al., 2002) . The data are available at http://avdc.gsfc.nasa.gov/.
SAOZ and satellites total ozone
Assuming that SAOZ data is the ground-truth reference, the first step before the comparison with satellite is the characterization and the understanding of the origin of seasonal and interannual variations seen by SAOZ as well as of the differences reported between the two stations. Note that since the eruption of the Pinatubo volcano in 1991 resulted in the perturbation of both ground-based zenith sky and satellite nadir measurements until 1993-1994, the data before 1995 will be ignored in the following.
SAOZ observations
The SAOZ monthly mean O 3 columns in Bauru and Reunion since 1995, the average seasonal variations over the two stations and the difference between them are displayed in The larger total ozone in winter over Bauru is of different nature. It originates from the more northern location of the high tropical jet in the winter over South America than over the Indian Ocean as shown by the equivalent latitude difference at 450 and 475 K potential temperature levels (Fig. 2) , derived from the potential vorticity (PV) of the high-resolution contour advection model MIMOSA (Modélisation Isentrope du transport Méso-échelle de l'Ozone Stratosphérique par Advection, Hauchecorne et al., 2002) , resulting in a stronger influence of mid-latitude ozone over Bauru. In summary, the ozone seasonal and interannual variations are very similar above the two stations. The only differences between them are the larger upper tropospheric ozone over the continent during the thunderstorm season, and the larger influence of mid-latitude ozone in the lower stratosphere in winter.
Comparison between satellites and SAOZ
The monthly mean GOME-GDP5, EP-TOMS, SCIAMACHY-OL3, OMI-TOMS, OMI-DOAS total ozone, and the SAOZ sunrise-sunset average are shown in Fig. 3 , and the seasonal variation of the differences satellite-SAOZ in Fig. 4 for Bauru and Figs. 5 and 6 for Reunion. Mean biases and standard deviations with SAOZ are summarized in Table 1 . Systematic biases are observed between satellites and SAOZ. With the exception of the beginning of GOME in 1995 and EP-TOMS in late 2002 (immediately after the correction for the instrumental problems), the satellites are lower on average by 5.2 DU (−1.9 %) in Bauru and closer by 0.3 DU (0.1 %) in Reunion. Because each satellite presents different long-term variations, the evaluations of satellite data drifts with respect to the SAOZ have been calculated with a linear regression on the relative differences. From this analysis, only SCIAMACHY exhibits a significant drift with respect to the SAOZ (0.3 % yr −1 for SCIAMACHY compared to less than 0.04 % yr −1 for the other). Finally, a seasonal variation of the difference between each satellite and SAOZ is observed. In order to highlight those biases, Fig. 4 presents the relative difference between satellite and SAOZ seasonal cycle. It should be noted that the data have been normalized in order to make variations comparable. In this figure, all satellite data present a seasonal variation of the difference with a minimum during the austral summer (mean difference of 1 %) and a maximum during the austral winter, except for OMI-DOAS. EP-TOMS presents the smallest bias with a minimum −0.7 % during austral summer and a maximum of 0.7 % during austral winter. SCIAMACHY and OMI-TOMS Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ presents on average the same variations. Finally, OMI-DOAS observes less O 3 (−1.5 %) from July to October. For Reunion (Fig. 5) , no satellite presents a significant mean bias. GOME and EP-TOMS exhibit similar variations, with a larger seasonal variation (minimum in austral winter). EP-TOMS columns are higher than those of SAOZ (1.04 %) with large variations. The two versions of OMI present similar variations, nevertheless OMI-TOMS columns show larger values than the SAOZ (0.47 %) and present a shift of ≈ 1.4 % with OMI-DOAS. SCIAMACHY variations are similar to EP-TOMS and OMI-TOMS. Regarding the evolution of satellite measurements with respect to the SAOZ, all satellites present non-significant drifts (0.2 % yr −1 in average). Finally, as at Bauru, a seasonal variation of the difference between each satellite and SAOZ is observed; those biases are highlighted in Fig. 6 representing the relative difference between the seasonal cycle in satellite and SAOZ data. From January to March, SAOZ columns are systematically higher than all the satellites with a bias of on average 1 %. OMI-TOMS presents the maximum bias during his period (−2 %) and EP-TOMS the smallest (−0.7 %). From June to December, the difference between satellites and SAOZ is positive and relatively constant.
Mean biases between satellites and SAOZ ozone and between satellites themselves may originate from errors in the absorption cross-sections, tropospheric ozone, and instrumental drift. But as shown by the small (< ±1 %) biases between all series of data in Reunion, the impact of these, at least under clear sky conditions, is limited. On the retrieval aspect, the best indicator is the seasonality of the difference. This may result from cross-section temperature and satellite SZA dependencies as well as cloud masks. As shown by Hendrick et al. (2011) the largest temperature dependence between satellites and SAOZ is observed with TOMS (0.21 % • C −1 ), half with OMI-TOMS and smaller with all others, whereas the largest SZA dependence is observed with the SCIAMACHY-TOSOMI (SCIAMACHY total ozone retrieval algorithm) retrieval not used here. However, because of the limited seasonality of stratospheric temperature and the small SZA at satellite overpasses, the impact of these dependencies is limited (< +1 %) in the tropics. As shown by the bias drop in the January-March period in Reunion (Fig. 6 ) and in the October-March period in Bauru (Fig. 4) and the larger noise there, the most important contributor to uncertainties may come from the cloud cover.
Indeed, the ozone minimum period coincides exactly with that of the high clouds presence: thick thunderstorms from September to February in Brazil and hurricane season from January to March in Reunion. Since there is no significant tropospheric ozone seasonal variation matching these changes, the most likely explanation for these variations is the partial masking of tropospheric ozone replaced in the retrievals by a climatology of ozone below the cloud top, which seem to underestimate the ozone content. The "cloud correction" is highly variable from one satellite retrieval procedure to another (more details of the "cloud correction" between DOAS and GODFIT procedure can be found in Van Roozendael et al., 2012) .
From all satellite-SAOZ differences in Bauru and Reunion displayed in this section, the best satellite combination for covering the full SAOZ 1995-2011 period are EP-TOMS (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) and OMI-TOMS (2005 -2011 showing smallest instruments shifts and seasonality, but requiring a correction offset for systematic biases with SAOZ.
Merged satellite total ozone series
Following these conclusions, a merged satellite composite series, displayed in Fig. 7 , has been constructed with the EP-TOMS and OMI-TOMS data after normalization by addition of their respective biases with SAOZ shown in Table 1 .
The merged series show high correlation with SAOZ of 0.96 in Bauru and 0.97 in Reunion, although of slightly larger slope (0.95 instead of 0.87) and larger intercept (32 DU instead of 12 DU) over Reunion compared to Bauru. The seasonal variations of the difference between the two stations seen by the merged satellite and SAOZ series are shown in Fig. 8 . The satellite series confirms the larger ozone in Bauru seen by SAOZ in summer (January-March) and winter (June-August), but differs in spring (October-November) when the satellites are reporting a 5.7 DU larger column over Reunion. As explained in Sect. 3.1, the 5 DU larger column over Bauru seen by both data sets during the summer convective season is due to the photochemical ozone production in the upper troposphere, where both nadir satellite and ground-based zenith sky measurements are sensitive. same applies to the 10 DU maximum in the winter attributed to the ozone longitudinal variation in the lower stratosphere. The only difference between the two data sets is the largest column (5 DU) in Reunion in the October-November period. The explanation of this difference is the advection of a biomass-burning plume over the Indian Ocean from Africa, resulting in an increase of ozone concentration in the middle troposphere over Reunion between 5-12 km (Randriambelo et al., 2000) . The smaller sensitivity of SAOZ compared to the one of the satellites when considering this event is due to the low altitude of the ozone-rich layer to which groundbased zenith sky twilight measurements are less sensitive than the nadir-viewing satellites.
In conclusion, with the exception of a mid-tropospheric ozone increase over Reunion during the African biomassburning season to which SAOZ is less sensitive, the EP-TOMS (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) and OMI-TOMS (2005 -2011 satellite merged ozone series fully agrees with the SAOZ series in the Southern tropics. Both are showing larger ozone columns over the South American continent compared to the southwest Indian Ocean.
SAOZ and Satellite NO 2 columns
A similar analysis for NO 2 has been carried out on SAOZ and satellite NO 2 measurements with the difficulty, compared to the previous measurements, of a photochemical diurnal variation of the species requiring correction prior to comparison and of a larger contribution of tropospheric content above polluted areas.
SAOZ observations
The SAOZ sunrise and sunset monthly mean columns in Bauru and Reunion are displayed in Fig. 9 on the left, and the seasonal variation at the two stations and the difference between them on the right. On average, the NO 2 column is larger by 0.7 × 10 15 mol cm −2 in Bauru. The seasonal and interannual variations are very similar at both stations, displaying a maximum in 1997-1998 in phase with the largest El-Niño event during the period and a quasi-biennial cycle of 0.5 × 10 15 mol cm −2 amplitude with a maximum during the west phase of the quasi-biennial oscillation (QBO). At both stations, the seasonal variation exhibits a spring maximum, but of larger amplitude (0.5 × 10 15 mol cm −2 ) which is delayed by 1 month in Bauru. The difference between the two stations (Fig. 9 , bottom right) also shows a seasonal cycle with a 38 % larger column over Bauru in the summer in the November-March period, a little larger at sunset, and a smaller increase of 20-25 % in the July-August period, larger at sunrise.
The factors contributing to the differences between the two stations are as follows: (i) the longitudinal variation in the lower stratosphere in winter, like that shown for ozone and, (ii) the tropospheric NO 2 column. As for ozone, the contribution to the total column is important.
The increase of tropospheric NO 2 in the winter-spring period (late August, seen Fig. 9 on the right) is related to sugar cane fires, as reported for example by the GOME NO 2 Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ observations (Richter and Burrows, 2002) . The larger NO 2 concentration in the lower stratosphere in winter, due to the higher equivalent latitude of Bauru (Fig. 2) , is confirmed by the difference between HALOE NO 2 sunrise mean profiles (Russel et al., 1993 ) within a 200 km radius above the two stations in the August-October period shown in Fig. 10 . To get the maximum profiles, the satellite grid observation has been expanded to 200 km radius around the station (Bauru:
. Despite this extension, only 100 profiles were used at Bauru and 110 at Reunion. Because of the extension of the grid and the time of satellite measurement (between 7 and 9 a.m.), all profiles had to be standardized from a reference profile calculated using a photochemical box model derived from the 3-D off-line chemical transport model SLIMCAT (Denis et al., 2005) . As shown in Fig, 10 , the NO 2 concentration is larger by ∼ 0.2 × 10 9 molecules cm −3 in the lower stratosphere above Bauru than above Reunion in winter. Finally, the larger column over South America in austral summer is the result of the lightning NO x production between 10-15 km during the thunderstorm season (Pommereau et al., 2004; Rivière et al., 2006; Huntrieser et al., 2008) , as opposed to the Indian Ocean and maritime areas in general where lightning is infrequent (Zipser et al., 2006) . Figure 11 displays the monthly mean time series of GOME and SCIAMACHY version GDP, SGP and IUP, and OMI-NASA columns at the time of satellite overpass over the equator around 10:00 LT for SCIAMACHY, 10:30 for GOME and 13:00 for OMI. The measurements all show a seasonal cycle with a spring maximum, but of variable amplitude depending on the satellite. In addition they display larger noise in Bauru, suggesting larger NO 2 column variability there, particularly GOME-GDP5 and SCIAMACHY SGP5 measurements. GOME-GDP5 exhibits a larger seasonality than GOME-IUP by 1.5 × 10 15 mol cm −2 in Bauru and 1.2 × 10 15 mol cm −2 in Reunion, larger than both SCIA-MACHY versions by 0.5 × 10 15 mol cm −2 in both stations. The latter present similar variability, but the SGP version is noisier. OMI agrees with SCIAMACHY in Bauru, but shows larger columns by 0.5 × 10 15 mol cm −2 in Reunion with less seasonality.
Satellite observations

Correction for NO 2 diurnal variation
Since NO 2 displays a photochemical diurnal variation and SAOZ and satellite measurements do not coincide in time, a correction is required for comparing their measurements. Figure 12 shows the diurnal variation of the NO 2 column at 20 • S in January and June simulated by the SLIM-CAT 3-D Chemical Transport Model (Chipperfield, 1999; Denis et al., 2005) . The arrows indicate the local time of the satellite overpasses and the full circles that of the weighted average twilight SAOZ measurements between 86-91 • SZA. The simulated satellite columns at the time of their overpasses are smaller than those of SAOZ at twilight (∼ 0.2 × 10 15 molecules cm −2 at sunrise and around 1.1 × 10 15 molecules cm −2 at sunset). Although there is only 30 minutes between GOME and SCIAMACHY and 3 h with OMI, the diurnal variation induces a bias of 0.05 × 10 15 molecules cm −2 between the two first and of 0.3 × 10 15 molecules cm −2 with the last. Moreover, following the seasonal variation, winter columns are greater (0.4 × 10 15 molecules cm −2 ) than summer ones. Following these various biases observed between satellites and SAOZ, and the exact time when the satellites overpass the station, a diurnal correction is applied to convert all satellite data to SAOZ sunrise time of measurement. The diurnal cycle has been simulated with the above mentioned photochemical box model. In order to correct satellite data, a reference column calculated from the weighted average of SAOZ sunrise measurements between 86 and 91 • SZA has been defined. The calculation of the diurnal variation of the ratio NO 2 (reference)/NO 2 (model) has been performed for the twelve months of the year. Then, all the satellite measurements have been normalized using this ratio.
Comparison between Satellites and SAOZ
The monthly mean GOME GDP5 and IUP, SCIAMACHY SGP5 and IUP, and OMI satellite data corrected to SAOZ measurement time at sunrise over both stations are shown in Fig. 13 , the difference between satellites and SAOZ in Fig. 14 , and the seasonal variation of the differences in Fig. 15 . Mean biases and standard deviations of the differences with SAOZ are summarized in Table 2 .
Systematic and offset biases are observed between the various satellite data versions and SAOZ. Over Bauru, the satellites are lower on average by −0.46 × 10 15 molecules cm −2 (−14.1 %) and closer to SAOZ by 0.06×10 15 molecules cm −2 (2.6 %) in Reunion. For GOME, the GDP5 retrieval agrees better with SAOZ over the two stations than IUP's, showing smaller bias (−6.3 % in Bauru and 0.8 % in Reunion) and lesser seasonality (correlation 0.91 instead of 0.65 for IUP over Bauru and 0.95 instead of 0.73 for IUP over Reunion). At both stations, GOME IUP is showing larger seasonality amplitude (0.3×10 15 molecules cm −2 ) compared to SAOZ. The difference between the two GOME Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ Figure 11 . Monthly mean NO 2 time series of GOME GDP5 (green), GOME IUP V1 (blue), SCIAMACHY IUP V2 (red), SCIAMACHY SGP V5.02 (dark green), and OMI DOAS V3 (purple) total NO 2 over Bauru (top) and Reunion (bottom). retrievals is coming from the different AMF calculation and the correction applied for the diffuser offset (cf. Sect. 2.3), which appears to be less efficient in the IUP data. For SCIA-MACHY, both versions display similar seasonality at the two stations and they both agree with SAOZ (r 2 = 0.90 in Bauru and 0.92 in Reunion), the ESA version being a little noisier. In Bauru, they both underestimate the column by 19 %, compared to SAOZ. The IUP version shows less seasonality in the differences to SAOZ at both stations compared to SGP5 version, which exhibits a maximum of 8 % from March to October and a minimum from November to February at Bauru. The mean bias between GOME and SCIAMACHY in 2003 is less pronounced with the ESA version in Bauru and small in Reunion, compared to IUP. OMI underestimates the columns in Bauru (−29 %) and shows seasonal cycle of smaller amplitude than SAOZ. The satellites display a larger seasonality of the difference with SAOZ (mostly during winter with an amplitude of the bias 0.5×10 15 molecules cm −2 ). At Reunion, the variations are similar to SCIAMACHY both versions.
In summary, satellite data, except GOME GDP5 and SCIAMACHY IUP, show less NO 2 during the convective season (from November to February in Bauru), a feature, which can be attributed to the "cloud-cover " frequency (cf. Sect. 3.2). The noise generated by clouds in the NO 2 measurements is of lesser amplitude in the less cloudy Reunion Island, except on GOME IUP and OMI. A cloud filter has been applied on SCIAMACHY data in Bauru for characterizing the impact the clouds on the comparisons with SAOZ measurements (cf. Appendix A). From this analysis, the application of a cloud filtering results in a noise increase in the summer when clouds are more frequent and the number of satellite data reduced. However, there is no change in the www.atmos-meas-tech.net/7/3337/2014/ Atmos. Meas. Tech., 7, 3337-3354, 2014 Figure 13 . Satellite monthly mean NO 2 columns corrected to 90 • AM over Bauru (top) and Reunion (bottom). GOME GDP5 (green), GOME IUP V1 (blue), SCIAMACHY IUP V2 (red), SCIAMACHY SGP5 (dark green), OMI DOAS V3 (purple). Time series of SAOZ at sunrise have been added in black. Figure 14 . NO 2 relative mean difference of satellite data with SAOZ in % over Bauru (top) and Reunion (bottom). GOME GDP5 (green), GOME IUP V1 (blue), SCIAMACHY IUP V2 (red), SCIAMACHY SGP5 (dark green), OMI DOAS V3 (purple) and SAOZ sunrise (black).
NO 2 mean value showing that clouds have a limited impact on mean NO 2 column measurements. The best satellite combination covering the full 1995-2011 SAOZ period are thus GOME GDP5 (1995 GDP5 ( -2002 and SCIAMACHY IUP V2 (2003 -2011 showing smallest seasonality, requiring bias corrections of 6.3 % for GOME GDP5 and 18.8 % for SCIAMACHY IUP in Bauru and 0.8 and 4.1 % in Reunion for best matching with SAOZ.
Merged satellite NO 2 series
Following this conclusion, a merged satellite composite series, displayed in Fig. 16 , has been constructed with the GOME GDP5 (1995 GDP5 ( -2003 and SCIAMACHY IUP V2 (2003 -2011 after normalization by addition of their respective biases with SAOZ. As shown on the right of Fig. 16 , the two series are highly correlated (0.89 in Bauru, 0.92 in Reunion) although more noisy over the first station and before 2003 with GOME GDP5 than afterwards with SCIAMACHY IUP. The two series show interannual variations out of phase with those of ozone (e.g., maximum instead of minimum during the El Niño event in 1997-1998). The seasonal variation of the difference between Bauru and Reunion seen by the satellites is similar to that reported by SAOZ (Fig. 17) . Both show larger NO 2 by 1.1 × 10 15 molecules cm −2 (35 %) in the summer (JanuaryMarch) due to NO x production by lightning, but still larger by 0.6 × 10 15 molecules cm −2 (18 %) in the winter, because, like ozone, the more southern equivalent latitude of Bauru Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ Figure 15 . Relative difference of the NO 2 seasonal cycle between satellites and ground based observations at Bauru (left) and Reunion (right). GOME GDP5 (green), GOME IUP V1 (blue), SCIAMACHY IUP V2 (red), SCIAMACHY SGP5 (dark green), OMI DOAS V3 (purple). compared to that of Reunion and the tropospheric pollution due to cane sugar burning.
In conclusion, there is excellent agreement between the merged satellite data set associating GOME GDP5 in the 1996-2003 period and SCIAMACHY IUP in the 2003-2011 period after correction for the NO 2 photochemical diurnal variation and respective biases, with the SAOZ series in the southern tropics. Both show larger columns above the South American continent than over the SW Indian Ocean.
Conclusions
Long series of ground-based SAOZ-NDACC ozone and NO 2 total column observations at the southern tropics are available since 1995 in Bauru on the South American continent and since 1993 in Reunion Island in the Indian Ocean, providing a unique tool for evaluating the performances of the various satellite observations and building a reliable merged series for studying ozone and NO 2 trends since 1995. Since none of the satellites covers the full period, and systematic biases exist between them because of the many differences between instruments, wavelength ranges, absorption crosssections and retrieval procedures, they require evaluation and bias corrections.
From comparisons with SAOZ, the best satellite data series for ozone in these regions are EP-TOMS (1995 and OMI-TOMS (2005 -2011 , both confirming the larger ozone columns reported by SAOZ above South America continent compared to the Indian Ocean attributed to the ozone production by lightning NO x in the upper troposphere in the summer and the import of ozone rich air from mid-latitudes in the lower stratosphere. The only difference found between satellites and SAOZ is the lower sensitivity of the latter to ozone-rich biomass-burning plumes in the mean troposphere.
The best satellite NO 2 measurements in the southern tropics are shown to be those of GOME GDP5 (1996 GDP5 ( -2003 and SCIAMACHY-IUP (2003 -2011 . Both of these measurements confirm, that ozone (the larger column seen by SAOZ above the South American continent) attributed to NO x production by frequent lightning in the summer and larger exchange of NO x rich air with the mid-latitudes in the winter in the lower stratosphere.
For both species, the most difficult piece in the satellite retrievals is the quantification of the tropospheric contribution frequently masked by high clouds in the tropics, particularly during the summer convective season.
Overall, the comparison of the data of the various satellites retrievals with the long series of ground-based SAOZ/NDACC observations allowed the creation of reliable merged satellite time-series for investigating, together with the SAOZ series, the possible trends and the origin of interannual variability of ozone and NO 2 in the southern tropics in the future.
Atmos. Meas. Tech., 7, 3337-3354, 2014 www.atmos-meas-tech.net/7/3337/2014/ Appendix A: Impact of difference between satellite and SAOZ measurement location, surface layer pollution and clouds A first issue in the construction of a merged satellite data series is the different orbit dependent location of satellite nadir observations and the location and local time of the zenith sky SAOZ measurements at twilight. For better coincidence observations, a procedure for selecting the data has been developed by Lambert et al. (2012) , called optical path matching selection technique. The objective of the procedure is to reduce at best the noise in the difference between various observations generated by horizontal gradients or polluted areas. An example of the application of the method in the tropics is shown in Fig. A1 , which is representing the NO 2 monthly mean % difference between SCIAMACHY IUP columns measured at 10h30 and corrected for the photochemical change (see Sect. 4.2) and SAOZ at sunrise in Bauru. The SCIAMACHY data, in black, are those of the overpass above the station (in a 200 km circle around the station), whereas the blue and green lines are the results of the optical path matching technique at the location of the summer solstice (in a 200 km circle around −23.12 • S; 47.24 • W) and the winter solstice (in a 200 km circle around −21.6 • S; 47.24 • W). All SCIAMACHY data present the same bias with SAOZ and the optical path matching data are noisier than the overpass. Therefore, when applying the optical path matching method in the tropics, the improvement is poor because of the small NO 2 (and O 3 ) stratospheric columns gradients at this latitude and in addition, the noise in the data is increased because of the reduced number of co-located effective air masses. Furthermore, regarding the contribution of polluted events, the SAOZ zenith sky geometry at twilight makes the spectrometer less sensitive than nadir-viewing instruments to the lower levels. For ozone, the expected column increase in case of pollution at surface level is only 2 DU, (mixing ratio increase by 20 ppb at maximum), which has a negligible impact on monthly mean total columns. For NO 2 , the largest contribution is that of lightning NO x production at 10-15 km, which is seen by both SAOZ and nadir satellites. In addition, the near surface NO 2 contribution is reduced by photolysis during daytime, and is relatively small outside urban areas, explaining why polluted events have little impact on monthly mean differences between SAOZ and satellite data as shown in Fig. A1 . A second issue in the satellite-SAOZ comparison is that of the impact of frequent high altitude cirrus clouds and thunderstorm anvils in the tropics. This has been tested by applying a filter removing the data corresponding to a cloud cover greater than 30 % using the SCIAMACHY cloud index. As shown in Fig. A2 , this cloud filtering results in a larger noise in the summer NO 2 data because of the strong reduction of the number of observations, but has no clear impact on the NO 2 mean differences.
In conclusion, the limited O 3 and NO 2 column horizontal gradients, the small contribution of surface layer to the total columns outside urban areas, and the limited impact of the cloud masks, make the use of overpass nadir-viewing satellite measurements a reliable tool for long-term atmospheric composition changes studies in the tropics.
